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ABSTRACT 
In this study, thermophysical properties of graphene nanosheets – hydrogenated oil based 
nanofluid was investigated for the improvement of drilling fluids. Graphene nanosheets 
powder were dispersed through two-steps method which utilizes hydrodynamic and acoustic 
cavitation (HAC) combination process. The weight concentrations of dispersed graphene 
nanosheets powder in this study are 25 ppm, 50 ppm and 100 ppm respectively. The 
thermophysical properties investigated include thermal conductivity and rheological 
properties of graphene nanosheet – hydrogenated oil based nanofluid. At the highest 
nanoparticle concentration, thermal conductivity (TC) enhancement is able to reach up to 
14.4% at 50°C while viscosity and shear stress values increased up to 33% at 30°C.  Both 
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properties are observed to increase with respect to nanoparticle concentrations. The TC 
models were able to predict consistently with experimental data at lower nanoparticle 
concentration but underpredicted at higher nanoparticle concentration. The Bingham model 
has proven to fit well with the rheological data obtained in this study. Cavitation number, K 
and coefficient of discharge, CD  parameters used to evaluate hydrodynamic cavitation 
dispersion were found to be 1.025 and 0.3313 respectively. Both parameters had denoted that 
hydrodynamic cavitation had taken place in the system successfully.  
Keywords: Graphene nanosheets; Hydrogenated oil; Thermal conductivity; Rheological 
behaviour; Hydrodynamic cavitation 
Nomenclatures: 
µ  dynamic viscosity of liquid 
µmax   maximum velocity 
CD  coefficient of discharge 
dorifice   orifice diameter 
K  cavitation number 
kbf  thermal conductivity of base fluid 
keff  effective thermal conductivity of nanoparticle 
knf  thermal conductivity of nanofluid 
kp  thermal conductivity of nanoparticle 
M   mass flow rate 
n  shape factor of nanoparticle 
pin  inlet pressure 
pvap  vapour pressure of liquid 
Re  Reynold’s number 
γ  shear rate 
∆p  inlet and outlet pressure difference 
ρl  density of liquid  
σ  shear stress 
σo  limiting shear stress 
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φ  volume fraction of nanoparticle 
 
1. Introduction 
 It is reported that more than 50% of the current world reserves are 4,200 m below sea 
level with temperature and pressure exceeding 200°C and 1600 bar respectively [1].  The 
stability of drilling fluids deteriorates when subjected to high temperature and high pressure 
(HTHP) applications. Drilling fluids subjected to HTHP applications often result in wear and 
tear of drilling tools and equipment [2].  Several main limitations include costly materials and 
treatment costs, increase in fluid density and inability to perform under HTHP conditions [3]. 
Singh and Ahmed [4] explained that the increased in surface interactions between particles 
allow heat to be conducted more efficiently. Not only that, the disposal of waste oil-based 
mud to the surroundings resulted in pollution of the oceans and killing off the coral reefs [3]. 
The need for a biodegradable and environmental friendly drilling fluid is inevitable to 
preserve the marine environment. The search of a base fluid that could biodegrade 
anaerobically led to the discovery of esters which would biodegrade with the presence of 
“built-in” oxygen present in the esters [5]. The challenges of vegetable oil or esters as drilling 
fluids are reported to have high viscosity properties and rapid deterioration at high 
temperature [6]. The application of graphene nanosheets as nanomaterials to improve the 
thermophysical properties of a biodegradable drilling fluid is proposed to overcome the 
limitations. 
Nanofluids are a relatively new class of fluids which consist of base fluids having 
metallic or non-metallic nanoparticle suspensions with average sizes of 100 nm or less [7] 
that consist of condensed nanoparticles that act as a colloidal suspensions. Since the first 
synthesised carbon nanotube nanofluid by Stephen U.S. Choi in 1995, there has been an 
escalating number nanofluidics-related publications and its applications. Numerous 
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nanofluids applications have revolutionised various industries globally including industrial 
with heat transfer applications [8], electronic cooling systems [9], cooling and lubrication of 
drilling fluids [10] and etc as nanofluids possess anomalous physical properties compared to 
its base fluids counter-part.   
Graphite contains multiple layers of planar structures where each layers are termed 
graphene. First discovered by Novoselove et al. [11], the arrangement is usually honeycomb 
lattice structure with interplanar distance between each layer of graphene at approximately 
0.335 nm and atomic separation of 0.142 nm. The thickness between each sheets are roughly 
distanced at 0.34 nm. Graphene has been reportedly to have high carrier mobility, high 
Young’s modulus strength and high intrinsic thermal conductivity. The intrinsic value of 
thermal conductivity of a freely suspended single layer graphene at room temperature is 
valued between 2000 – 4000 W/m.K [12]. Some has even reported up to as high as 5300 
W/m.K [13]. As graphene is a two – dimensional material, the heat transfer properties of 
graphene will be significantly different as compared to zero dimensional and one dimensional 
nanoparticles [14]. This anomalous heat transfer conductance enables graphene to be a 
potential source for the improvement of existing coolants.  
 Ahammed et al. [15] had carried out thermal conductivity comparisons between 
graphene against other metal oxide nanoparticles. They discovered that at very low volume 
concentration of 0.15 vol%, is are able to thermal conductivity enhancement by 37.2% at 
50°C with graphene-water. When compared to silver-water at similar temperature, graphene 
supersedes by 5.2%. Yu et al. [16] compared 5.0 vol% of graphene-ethylene glycol nanofluid 
against graphene oxide and discovered graphene to possess higher thermal conductivity 
enhancement by 42%. They deduced this to the presence of oxygen atoms and saturated sp3 
bonds which limited the thermal conductance across graphene oxide. Ma et al. [17] had 
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investigated the effect of functionalized graphene nanosheets into silicon oil at 0.07 wt% up 
to 60°C. The maximum thermal conductance enhancement achieved in their study was 18.9%.  
 However, the rheological aspect of the drilling fluids should also be considered. High 
viscosity properties of drilling fluids allows solid cuttings to be suspended whilst preventing 
sagging simultaneously [18] as excessive inclusion of nanoparticle concentrations prove to be 
disadvantageous. Vajjha and Das [19] discovered that the maximum theoretical particle 
loading allowable in a solution is 3 vol% where particle loadings greater than that will incur 
greater pressure drop and higher pumping operation cost. 
 In this study, graphene nanosheets was dispersed into hydrogenated oil – based 
drilling fluid via two – steps method which utilized hydrodynamic cavitation as the 
dispersion process. The thermophysical properties investigated in this study are thermal 
conductivity and rheological behaviour properties of graphene nanosheets – hydrogenated oil 
based nanofluids.  
2. Experimental procedure 
2.1 Materials 
Hydrogenated oil-based drilling fluid and graphene nanosheets were procured from 
Platinum Green Chemicals Sdn. Bhd., Malaysia where the materials were used as received. 
Table 1 outlined the physical properties of the materials used in this study. 
INSERT TABLE 1 HERE 
2.2 Nanofluid preparation 
 The dispersion of graphene nanosheets was carried out using a two – steps method 
that utilized hydrodynamic cavitation dispersion to implode bubbles and break down 
agglomerates into smaller sizes. In this study, the dispersion of graphene nanosheets was 
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carried out in three steps, mainly pre-homogenization, hydrodynamic cavitation 
homogenization and  
post-homogenization. The investigating weight concentrations of graphene nanosheets are  
25 ppm, 50 ppm and 100 ppm respectively. 
 Pre – homogenization was carried out with a high speed stirrer (VELP Scientifica 
Digital Overhead Stirrer – DLS) at 800 rpm for 15 minutes to homogenize graphene 
nanosheet powder into hydrogenated oil before being transferred to hydrodynamic cavitation 
system. The hydrodynamic cavitation dispersion process of graphene nanosheets was 
described similarly to our previous work [20].  
INSERT FIG. 1 HERE 
 Post-homogenization involved transferring of hydrodynamic cavitated samples to bath 
ultrasonicator (Bath Ultrasonic Branson 8510E – DTH) to prevent aggregation of 
nanoparticles. The time duration taken for ultrasonication is 3 hours. The power and 
frequency of the bath ultrasonicator is 320 W and 40 kHz respectively. Fig. 2 shows the 
readily dispersed graphene nanosheets – hydrogenated oil nanofluid. 
INSERT FIG. 2 HERE 
2.3 Thermal conductivity analysis 
 KD2 Pro Thermal Properties Analyzer is selected to carry out thermal conductivity 
analysis of graphene nanosheet – hydrogenated oil nanofluid in this study as it uses transient 
heat line source method for thermal conductivity detection. The KD2 Pro is equipped with a 
sensor (1.3 mm diameter x 60 mm length). The thermal conductivity range for this sensor is 
between 0.02 W m-1 K-1 to 2.00 W m-1 K-1 with 0.001°C sensitivity.  
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KD2 Pro Thermal Properties Analyzer was pre-calibrated before each analysis with 
glycerol at room temperature to ensure the accuracy of the sensor. The glycerol sample was 
left to equilibrate for 15 minutes before taking calibration readings to ensure no free 
convection occurs within the sample.   
Graphene nanosheet-hydrogenated oil nanofluids were sonicated before each thermal 
conductivity analysis to ensure homogeneity of the samples. The sonicated samples were left 
to equilibrate in water bath (Memmert Water Bath) for 20 minutes to ensure temperature 
equilibrium between samples and external temperature to eliminate free and forced 
convection of the samples.  
In this analysis, there are two parametric studies which are the study of the effects of 
temperature and the effects of nanoparticle concentrations on thermal conductivity properties 
of hydrogenated oil nanofluid. The temperature parameter ranged from 30°C to 50°C with an 
increment of 5°C at each interval step. Thermal conductivity analysis of each graphene 
nanosheets concentrations were repeated four times for each temperature set. 
2.3 Rheological behaviour analysis 
 The effects of temperature and nanoparticle concentrations on the viscosity and shear 
stress of hydrogenated oil-based nanofluid were also investigated. Malvern Bohlin Gemini II 
Rheometer were used to measure rheological properties of hydrogenated oil-based nanofluid. 
 The variation of temperature was controlled by a PC controlled Peltier plate controller. 
Selection of spindle used in this study consisted of cone-and-plate stainless spindle with  
2o angle and 40 mm diameter. The gap distance between spindle and Peltier plate was set 
constant at 30 µm to avoid jamming of particulates at the cone truncation. All data 
measurements and collections carried out consist of a delay time and integration time of 10 
seconds to ensure steady-state conditions with estimated 3% deviation in measurement. 
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Samples were subjected to discontinuous shearing at shear rate ranging from 0 – 140 s-1 with 
20 s-1 increment step at each temperature of 30°C, 40°C and 50°C respectively. Each runs 
were repeated 3 times to avoid measurement of deformed samples due to shearing process. 
 
2.4 Evaluation of hydrodynamic cavitation 
For the evaluation of hydrodynamic cavitation for the production of graphene 
nanosheets-hydrogenated oil-based nanofluids, several parameters namely Reynold’s number 
(Re), coefficient of discharge (CD) and cavitation number (K), were calculated.  
 In order to determine the value of K, the maximum velocity (µmax) at orifice was 
calculated using Eq. 1 [21].  
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where dorifice is the orifice diameter, ρl is the liquid density and M is the mass flow rate.. The 
calculation of cavitation number (K) as shown in Eq. 2 [22] requires the inlet pressure at the 
orifice and the vapour pressure of the liquid to be known. As the cavitation process is carried 
out at open ends, the inlet pressure was taken to be atmospheric pressure while the vapour 
pressure was taken to be 100 Pa according to the specification sheet provided by the supplier. 
The calculation of K value is as follows: 
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where pin is the inlet pressure and pvap is the vapour pressure of liquid.  
 Coefficient of discharge (CD) was also used to evaluate the effectiveness of 
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hydrodynamic cavitation process. The calculation of CD was given by Eq. 3 [21]. 
p
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ρ
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             (3) 
where ∆p is the pressure difference between inlet pressure and outlet pressure at the orifice. 
Furthermore, Reynold’s number (Re) is considered to further validate hydrodynamic 
cavitation process where √ > 60 is considered to be a fully developed turbulent flow for a 
single stage high pressure homogenizer [21]. The calculation of Re is as shown in Eq. 4 [21]. 
µ
ρ orificel dumaxRe =
             (4) 
where µ is the dynamic viscosity of hydrogenated oil.  
 The diameter of the orifice used in this study is a one-hole orifice with outer diameter 
of 0.001 m connected to a 1/2 inch stainless steel pipe (SS304). Table 2 shows a summary of 
the key parameters considered in this study. 
INSERT TABLE 2 HERE 
3. Results and discussions  
3.1 Graphene nanosheets analysis 
The size and morphology of graphene nanosheets were taken using transmission electron 
microscopy (TEM, LIBRA Microscope 200) at magnification range of 20,000x and 800,000x 
as shown in Fig. 3(a) and Fig.3(b) respectively. From Fig. 3(a), the image depicted 
contrasting colours with few layers of graphene nanosheets stacked on each other. On that 
note, Fig. 3(b) showed a flat smooth surface with multi-walled graphene sheets at the 
boundary of graphene nanosheet stacks.  
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INSERT FIG. 3(a) AND FIG. 3(b) HERE 
 Fourier Transform Infrared (FTIR) spectra of graphene nanosheets is as shown in  
Fig. 4. Within the range between 2800 – 3500 cm-1, a broad and sharp peak is found denoting 
the presence of –OH groups. This is in good agreement with the presence of stretching 
vibrations of –OH bonds [23]. The presence of alkynes is also represented by a weak peak at 
the range of 2200 – 3000 cm-1 which denoted little or no changes in dipole moment. At  
1411 cm-1, a C-C in-ring aromatics exhibits presence of heterocyclic compound and this is 
further proven by the possible presence of nitrogen atoms due to C-N stretching at  
1091 cm-1. The presence of nitrogen atom maybe derived during the preparation and 
exfoliation of graphene nanosheets using nitric acid [24].  
INSERT FIG. 4 HERE 
3.2 Thermal conductivity of nanofluids 
3.2.1 Effect of temperature  
 Generally, the thermal conductivity of graphene nanosheet – hydrogenated oil-based 
nanofluid increases linearly to a certain extent with respect to temperature as shown in Fig. 7. 
Similar trends were also observed by other researcher [14,23,25]. The increase in thermal 
conductivity properties of nanofluids is attributed to the increased movement of Brownian 
motion and micro-convection of nanoparticles at higher temperatures [26] due to the 
influences of phonons, free electrons and molecular diffusion and collision [15]. At higher 
temperature, heat transfer is improved due to higher phonon vibrations and rapid collisions of 
molecules to enhance thermal conductance between suspended solid nanoparticles.  
INSERT FIGURE 5 HERE 
3.1.2 Comparison of experimental results and thermal conductivity models 
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 The analysis of graphene nanosheets dispersed in hydrogenated oil-based fluids was 
carried out in the range of 30°C, 40°C and 50°C over particle loadings at 25 ppm, 50 ppm 
and  
100 ppm. In this study, classical thermal conductivity models were employed to predict the 
accuracy of thermal conductivity data obtained from experimental methods.  
 Classical thermal conductivity models used are Maxwell model [27], Hamilton and 
Crosser (HC) model [23] and Bruggeman model [24]. These conventional thermal 
conductivity models incorporate several key important parameters including thermal 
conductivity of nanoparticle (kp), thermal conductivity of base fluid (kf), nanoparticle 
loadings (φ) and shape factor (n) of nanoparticles. 
 Maxwell model was developed to predict suspensions containing dilute particles at 
concentrations less than 1 vol% [25] where particles are assumed to be spherical intrinsically 
and non-interacting. Maxwell model is expressed as:  
( )
( ) bfbfpbfp
bfpbfp
nf kkkkk
kkkk
k








−−+
−++
=
ϕ
ϕ
22
22
            (5) 
 H-C model is applied when thermal conductivity of nanoparticles exceeds thermal 
conductivity of base liquid by 100 times (kp/kbf > 100). H-C model takes into account of the 
shape factors of nanoparticles which was extended from the Maxwell model. The shape 
factor (n) is outlined as the ratio of surface area of sphere with constant volume as particle to 
the surface area of the particle. Shape factor are incorporated in Hamilton-Crosser (H-C) 
model where shape factor is defined as n = 3/ψ where ψ is known as the sphericity factor. 
Generally, n value for spherical nanoparticles is n = 3 which was assumed in this comparison.  
H-C model is as shown below: 
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 Unlike Maxwell model, Bruggeman model does no possess any limitations on particle 
concentrations. The model is applied on binary mixtures with the assumption of particle 
shapes being suspended in spherical form. The effective thermal conductivity of nanofluid 
estimated using Bruggeman model as shown in Eq. 7. 
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ϕϕ            (7) 
INSERT FIGURES 6, 7 AND 8 HERE 
 
 From Fig. 6 to Fig. 8, all thermal conductivity models gave similar predictions at 
lower nanoparticle loadings. However, the trend continues to underpredict at higher 
nanoparticle loadings. This is because Maxwell and Bruggeman model assumed that all 
particle shapes are spherical in nature [26]. Furthermore, H-C model is reduced to Maxwell 
model when shape factor is assumed to be n = 3. The shape factor was manipulated to obtain 
a better prediction at n = 1, where the prediction is similar to the experimental data at low 
concentration but further deviates at higher nanoparticle concentrations. Similar findings by 
other researchers showed that conventional static thermal conductivity models usually 
underpredicted the experimental data [18,27]. Gupta et al. [25] attributed this to the role of 
particle sizes in the distribution and network formation for heat transfer.  
3.1.3 Effective thermal conductivity of graphene nanosheets 
 Nan et al. model [28] was used to predict the effective thermal conductivity of 
graphene nanosheets. The model is given by Eq. 8. 
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where β11 and β33 is defined as 
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Lii is the geometrical factor in which the factors are set as L11 = 0 and L33 = 1 respectively 
due to the high aspect ratio of the nanoparticles. 
INSERT FIGURE 9 HERE 
The effective thermal conductivity of graphene nanosheets calculated by Nan et al. 
model is taken to be at 4.78 ± 1.6 W m-1 K-1 at 50°C.  Comparison between the calculated 
effective thermal conductivity and intrinsic value of graphene nanosheets [12] showed a 
drastic drop in thermal conductivity properties. Nan et al. model takes into account the matrix 
additive interface contact resistance into consideration [16] which yielded lower effective 
thermal conductivity of nanoparticles when dispersed in hydrogenated oil-based fluid. The 
model also showed a drastic reduction in thermal conductivity values of nanoparticles as 
compared to intrinsic values of graphene nanosheets [29] . Similar findings by other 
researchers showed an extreme drop in the effective thermal conductivity of nanoparticles as 
well [14,16,26].  
Surface defects found on the surface of nanoparticles contributed to the fluctuations of 
thermal conductivity of solid nanoparticles. Yu et al. [16] and Kole and Dey [14] explained 
that oxidation of graphite for the synthesise of graphene nanosheets imposed severe lattice 
defects on the surface of nanoparticles. Furthermore, hydrodynamic cavitation utilizes very 
high amount of explosive energy for dispersion and breaking down of agglomerate into 
smaller clusters. This large amount of energy applied during homogenization process could 
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lead to the straining of nanoparticle structures at micro level to form bends and kinks.  
 
 
3.2 Rheological behaviour of nanofluids 
3.2.1 Rheological profile  
 The rheological behaviour of hydrogenated oil-based fluid follows characteristics of 
non – Newtonian fluids. Bingham fluids behave rigidly at very low stresses but flow as 
viscous fluids when sufficient stress is applied. Although hydrogenated oil-based fluid 
follows similar to Newtonian profile as shown in Fig. 10(a), the viscosity profiles shown in 
Fig. 10(b) depicted a shear thinning viscosity profile. In contrast, the viscosity profile of 
Newtonian fluids must be constant with respect to the shear rate for Newtonian fluids. 
INSERT FIGURE 10(a) AND FIGURE 10(b) HERE 
 Therefore, the rheological profile denoted a non-Newtonian fluid profile close to zero 
yield stresses with a shear thinning behaviour profile. 
3.2.2 Effect of temperature and nanoparticle concentration 
 The rheological behaviours were investigated at temperature of 30°C, 40°C and 50°C 
at graphene nanosheets concentrations of 25 ppm, 50 ppm and 100 ppm.  
INSERT FIGURE 11, FIGURE 12 AND FIGURE 13 HERE 
 From the figures shown, addition of graphene nanosheets at very low particle 
concentration does not alter the rheological behaviour of hydrogenated oil-based fluid. At 
higher shear rate, the viscosity of hydrogenated oil-based nanofluids decreased exponentially 
towards base fluid’s viscosity regardless of nanoparticle concentration. However, the 
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viscosity profile at higher shear rates showed slight thickening behaviour instead. The 
concentration of graphene nanosheets at 100 ppm yielded the highest viscosity as compared 
to 25 ppm and  
50 ppm concentration at all temperatures.  
INSERT FIGURE 14 HERE 
From Fig. 14, the addition graphene nanosheets have increased the viscosity of 
nanofluids by approximately 23%, 42% and 54% at 25 ppm, 50 ppm and 100 ppm 
concentrations respectively.    Similar to other studies carried out by other researchers, 
viscosity of nanofluids increases with respect to nanoparticle concentration but the viscosity 
profile decreases at increasing shear rates [30,31]. Higher viscosities are able to keep the 
cuttings suspended at low shear rates in any drilling operations to avoid sagging from 
occurring while drilling muds are channelled out from the wellbore [18]. The increased in 
solid particle concentrations within liquid suspensions heightened inter-particle frictions [32] 
which increases the resistance of fluid to flow and subsequently increases the viscosity of 
nanofluids. 
The behaviour of hydrogenated oil-based nanofluids possesses two different 
behaviours, namely shear thinning and shear thickening behaviours as shown in Fig. 13 to Fig. 
15. At very low shear rates, the nanofluids exhibit shear thinning behaviour while at higher 
shear rate they show a slight shear thickening behaviour. Ijam et al. [33] and Kinloch et al. 
[34] both attributed this rheological behaviour to the percolation structure of nanoparticles 
suspended in the base fluid. The percolation structure formed was broken down at high level 
of shearing to form primary particles and subsequently increasing shear stress at increasing 
shear rate. 
 Apart from that, temperature plays a crucial role in affecting the rheological profile of 
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graphene nanosheets – hydrogenated oil-based nanofluid. At higher temperature, the viscosity 
of all fluids at various nanoparticle concentrations yielded lower viscosity values as 
compared to lower temperatures at similar conditions as shown in Fig. 16. The increased in 
temperature resulted in higher energy into the system, which subsequently decreased the 
interparticle and intermolecular adhesive forces of the particles [34] leading to decreased 
fluid viscosity. Similar results by other researchers also show viscosity of nanofluids 
decreasing with respect to temperature [33,35]. 
 
3.2.3 Comparison of experimental data and rheological models  
 In this study, Bingham model and Power Law model were used to evaluate non-
Newtonian fluids. Bingham Plastic fluids exhibit “infinite” viscosity until a sufficiently high 
stress is applied to initiate the liquid flow. The Bingham model is given as: 
µγσσ += 0             (10) 
where σ is given as shear stress, σo is the limiting shear stress, µ is the liquid viscosity and γ 
is the shear rate. The limiting shear stress is often referred to as Bingham yield stress of the 
material [36]. Bingham model is suitable for the calculation of suspensions and colloidal 
systems that show Bingham behaviours. 
 Power Law model is also referred as Ostwald model. The behaviour of fluid viscosity 
is differentiated into shear thinning and shear thickening behaviours when subjected to 
increasing shear rate. The Power Law model is given as:  
nγµσ .=              (11) 
where σ is the shear stress, µ is the fluid viscosity, γ is the shear rate and n is the power law 
index of the material. The power law index of the material is categorized into two, namely  
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n < 1 for shear thinning properties and n > 1 for shear thickening properties. Furthermore, 
Power Law model is only applicable within the range of 101 to 104 s-1 [36] where shear rate 
greater than the specified range will lead to deviations.  
INSERT FIGURE 15, FIGURE 16 AND FIGURE 17 HERE 
 With the exception of 50 ppm hydrogenated oil nanofluid in Fig. 16, comparisons of 
experimental data against rheological models have shown Bingham model to give a better 
fitting as compared to Power Law model at all nanoparticle concentrations and temperature. 
The possible explanation for this exception is the extraction of clustered nanoparticles present 
at each random extraction points that had caused Bingham plastic viscosity to be generally 
higher than other experimental data. The higher Bingham plastic viscosity value resulted in 
the Bingham model to deviate further than the experimental data at 50 ppm and 40°C.  
From Fig. 15 to Fig.17, the experimental data is able to fit closely to the Power Law 
model at lower shear rate. However, the predicted shear stress by Power Law model deviates 
exponentially at greater shear rate. The flow behaviour index, n, as shown in Eq. 11 [36] is a 
power factor which returns higher values when numerical value of n is larger due to shear 
thickening behaviour at higher shear rates.  
   
3.3 Hydrodynamic cavitation evaluation 
  Table 3 shows the calculated value of mass flow rate, Reynold’s number, cavitation 
number and coefficient of discharge parameters.  
INSERT TABLE 3 HERE 
 In this study, the mass flow rate (M) was fixed constant at 0.0195 kg s-1. The 
maximum velocity achieved in an undisturbed flow through the orifice was 15.92 m/s. For a 
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single stage high pressure homogenizer, the calculated √ > 60 for a fully turbulent flow 
[21] is achieved as the calculated Reynold’s number value is √ = 78.24. Since coefficient 
of discharge (CD) increases with decreasing cavitation appearance [21], the calculated CD was 
calculated to be  
CD = 0.3313 which denoted a fully developed turbulent flow for a high pressure homogenizer 
with a single orifice setup. 
 Using Eq. 2, the calculated cavitation number (K) is calculated at 1.025. Theoretically, 
cavitation will only take place when K < 1 where lower K values will lead to greater 
cavitation for bubble implosions to occur [21]. However, Rooze et al. [37]also mentioned that 
the critical cavitation number varies from 0.2 to 1.5 for an orifice setup. Therefore, K value 
does not directly reflect the quantity or quality of a cavitation process but more towards the 
evaluation of a probability of a cavitation appearance [21].    
4. Conclusions 
 In summary, this study has presented several findings from the addition of graphene 
nanosheet particles on hydrogenated oil-based nanofluid. The findings of this paper can be 
divided in terms of thermal conductivity properties and rheological properties of graphene 
nanosheet-hydrogenated oil-based nanofluids in addition to the evaluation of the effectivity 
of hydrodynamic cavitation process. At very low nanoparticle loadings, thermal conductivity 
of nanofluid improved accordingly to nanoparticle concentrations with maximum 
enhancement of 14.41% for 100 ppm of graphene nanosheets at 50°C are comparable to other 
literature review findings. Effective thermal conductivity of graphene nanosheets calculated 
from  
Nan et al. model were severely reduced to 4.78 ± 1.6 W m-1K-1
 
as compared to its intrinsic 
value due to possible surface defects from exfoliation and hydrodynamic cavitation process. 
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Rheological behaviour shows viscosity of nanofluid increases with nanoparticle 
concentration with shear thinning Bingham plastic behaviour at low shear rate and slight 
shear thickening behaviour at higher shear rate with 54% increment in viscosity at 100 ppm 
concentration. Finally, the evaluation of hydrodynamic cavitation process showed that 
cavitation had occurred even though cavitation number (K) was calculated to be K > 1. 
However, other parameters such as critical cavitation number range, coefficient of discharge 
(CD) and Reynold’s number (Re) had proved that cavitation carried out. This work have also 
presented an alternate two-steps methods as dispersion methods for nanoparticle powder into 
base fluids apart from the conventional ultrasonication dispersions or homogenizations.  
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 LIST OF TABLES 
 
Hydrogenated Oil Graphene Nanosheets 
Density (kg/m3) 780 (at 15°C) Density (kg/m3) 874.4 
Viscosity (cP) 1.5 – 2.0 (at 40°C) Carbon content (%) > 99.8% 
Flash Point (°C) 90 Oxygen (%) < 0.05 
Vapour pressure (kPa) < 0.1 (at 40°C) X-Y dimensions (µm) 0.06 – 0.1 
  Z dimensions (µm) 0.002 – 0.005 
  Thermal conductance 
(W/m.K) 
2800 
 
Table 1: Summary of physical properties of hydrogenated oil-based drilling fluid and 
graphene nanosheets. 
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Parameters Dimensions 
Orifice diameter, dorifice 0.00100 m 
Pipe diameter, dpipe 0.0186 m 
Pressure drop, ∆p 900,000 Pa 
 
Table 2: Summary of key parameters for hydrodynamic cavitation 
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Parameters Dimensions 
Mass flow rate, M 0.0195 kg/s 
Maximum orifice velocity, µmax 15.92 m/s 
Reynold’s number, Re 6121.35 
Coefficient of discharge, CD 0.3313 
Cavitation number, K 1.025 
 
Table 3: Summary of calculated parameters for hydrodynamic cavitation 
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Fig. 1: Schematic diagram of hydrodynamic cavitation unit 
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Fig. 2: Synthesized graphene nanosheet-hydrogenated oil-based nanofluids at 25 ppm (left), 
50 ppm (middle) and 100 ppm (right) 
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(a)                                                                     (b) 
Fig. 3: TEM image of graphene nanosheet at (a) 20,000x and (b) 800,000x magnification 
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Fig. 4: FTIR spectra of graphene nanosheets 
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Fig. 5: Comparison of thermal conductivity of graphene nanosheets-hydrogenated oil-based 
nanofluids with respect to temperature and concentrations. 
 
 
 
 
 
 
 
 
 
 
0
0.05
0.1
0.15
0.2
0.25
30 35 40 45 50
T
h
e
rm
a
l C
o
n
d
u
ct
iv
it
y 
(W
/m
.K
)
Temperature (oC)
Hydrogenated Oil-Based Fluid
25 ppm
50 ppm
100 ppm
  
33 
 
 
Fig. 6: Comparison between experimental data and thermal conductivity models at 25 ppm 
graphene nanosheet-hydrogenated oil based nanofluids 
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Fig. 7: Comparison between experimental data and thermal conductivity models at 50 ppm 
graphene nanosheet-hydrogenated oil based nanofluids 
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Fig. 8: Comparison between experimental data and thermal conductivity models at 100 ppm 
graphene nanosheet-hydrogenated oil based nanofluids 
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Fig. 9: Effective thermal conductivity of graphene nanosheets estimated by Nan et al. model. 
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(a)                                                              (b) 
Fig. 10:  Graphical illustration of (a) shear stress and (b) viscosity with respect to shear rate 
of hydrogenated oil-based fluid at 30°C 
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Fig. 11: Comparison between viscosities at different temperatures and increasing shear rate of 
graphene nanosheet-hydrogenated oil-based nanofluid at 30°C 
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Fig. 12: Comparison between viscosities at different temperature and increasing shear rate of 
graphene nanosheet-hydrogenated oil-based nanofluid at 40°C 
 
 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.01 0.1 1 10 100 1000
V
is
co
si
ty
 [
P
a
.s
]
Shear Rate (1/s)
Hydrogenated Oil
25 ppm
50 ppm 
100 ppm 
 
  
40 
 
Fig. 13: Comparison between viscosities at different temperature and increasing shear rate of 
graphene nanosheet-hydrogenated oil-based nanofluid at 50°C 
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Fig. 14: Viscosity comparison of graphene nanosheet-hydrogenated oil-based nanofluids with 
respect to nanoparticle concentration and temperature. 
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Fig. 
Fig. 15: Comparison between experimental data and rheological models of graphene 
nanosheet-hydrogenated oil-based nanofluid at 30°C 
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Fig. 16: Comparison between experimental data and rheological models of graphene 
nanosheet-hydrogenated oil-based nanofluid at 40°C 
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Fig. 17: Comparison between experimental data and rheological models of graphene 
nanosheet-hydrogenated oil-based nanofluid at 50°C 
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Highlights 
 
• Combination of hydrodynamic and acoustic cavitation for nanoparticle dispersion. 
• Dispersion of graphene nanosheets at 25 ppm, 50 ppm and 100 ppm. 
• Thermal conductivity and rheological properties of nanofluid are investigated. 
• Brief evaluation of hydrodynamic cavitation process carried out in this study. 
 
 
